The potential of cyanobacteria-based compost formulations was evaluated in cotton crop at two agroecological locations (Nagpur and Sirsa) as plant growth promoting (PGP) and biocontrol agents. Compostbased formulations fortified with Calothrix sp. or Anabaena sp. enhanced germination and fresh weight of plants, and microbiological activity by 10-15%, besides increased available nitrogen (by 20-50%) in soil at Nagpur. In the fungi-infected fields at Sirsa, Anabaena-T. viride biofilmed formulation performed the best, recording 11.1% lower plant mortality than commercial Trichoderma formulation. Scanning electron microscopy confirmed the colonisation of inoculated cyanobacteria/biofilms on roots. Significant correlation between mortality, increased activity of hydrolytic enzymes and fresh weight of plant roots were recorded. Calothrix sp. and Anabaena sp. proved promising as both PGP and biocontrol agents, while biofilmed formulations substantially reduced mortality of cotton plants in sick plots. This study illustrates the promise of cyanobacteria as viable inoculation option for integrated nutrient and pest management strategies of cotton.
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recorded earlier with legumes (Prasanna et al., 2013c) . Notwithstanding a steady increase in the number of publications on the role of cyanobacteria in disease reduction and protection against fungal diseases (Dukare et al., 2011; Manjunath et al., 2010; Zulpa et al., 2003) , no published reports on cyanobacterial formulations for a dryland (or rainfed) crop such as cotton are available.
The aim of the present study was, therefore, to evaluate selected cyanobacterial strains, consortia and biofilms-amended compost formulations as PGP and disease suppressive agents in cotton crop under field conditions.
M AT E R I A L S A N D M E T H O D S

Organisms used in this study, their growth and maintenance
The cyanobacterial strains -Calothrix elenkinii, Anabaena laxa RPAN8, Anabaena variabilis (RPAN59), Anabaena sp. (CW1), members of the cyanobacterial consortium -BF1 Anabaena torulosa; BF2 Nostoc carneum; BF3 Nostoc piscinale and BF4 Anabaena doliolum Prasanna et al., 2008; 2013a) were obtained from the germplasm of the Division of Microbiology, Indian Agricultural Research Institute (IARI), New Delhi, India. The details of these strains and their ecological habitats are given in earlier investigations 2013a) . Calothrix elenkinii, Anabaena laxa RPAN8 and Anabaena variabilis (RPAN59) have been evaluated for their fungicidal properties (Natarajan et al., 2012; Prasanna et al., 2008; 2013a) and as an inoculant for rice, wheat, tomato and legumes in earlier investigations Prasanna et al., 2012 Prasanna et al., , 2013a . The bacterial strains viz. Azotobacter sp. (CBD15), Pseudomonas fluorescens (PF1), Bacillus subtilis (RP24) and Providencia sp. (PW5) were obtained from the germplasm of the Division of Microbiology, IARI, New Delhi. The fungal strain, Trichoderma viride (ITCC 2211) was obtained from the Indian Type Culture Collection (ITCC), Division of Pathology, IARI, New Delhi. Cyanobacterial biofilms were prepared using Anabaena torulosa (BF1), which is a PGP bacterium, characterized previously for its biochemical attributes and agronomic efficacy, including fungicidal activity (Prasanna et al., , 2013a Swarnalakshmi et al., 2013) . In the present investigation, the biofilms of Anabaena-T. viride, Anabaena-B. subtilis, Anabaena-Azotobacter and Anabaena-Pseudomonas were used. The growth media used were Jensen's medium for Azotobacter sp., King's B medium for Pseudomonas sp., Nutrient broth for Bacillus sp. and Providencia sp. and Potato Dextrose Agar for Trichoderma viride. The flasks were incubated at 30 ± 2°C in a shaking incubator, except for T. viride, which was maintained as a static culture at 30°C. The cyanobacterial cultures were axenized by standard procedure employing a set of antibiotics, after the optimization of dose of streptomycin, chloramphenicol and penicillin for each isolate (Kaushik 1987) , grown and maintained in nitrogen-free BG11 medium (Stanier et al., 1971 ) under a temperature of 27 ± 1°C and 16:8 (light:dark cycles) white light (50-55 μmol photons m −2 s −1 ) as static cultures in Haffkine flasks.
Preparation of biofilms/cyanobacteria/consortia-amended formulations and pre-inoculation testing of formulations
All the biofilms were extracted from flasks and thoroughly washed with distilled water and centrifuged to remove individual cells, and such uniform suspensions were mixed with carrier (vermiculite:compost, 1:1) and used as described earlier with Colony Forming Units (CFU) maintained at 10 7 -10 10 g −1 of bacterial/fungal partners and chlorophyll a content of 100 μg chlorophyll g −1 carrier (Prasanna et al., 2013b; Swarnalakshmi et al., 2013) . The germination of cotton seeds has been checked using triplicate samples of 10 seeds each before sowing using 0.8% water agar plates in a growth chamber under controlled conditions. The germination and fungicidal activity of formulation-coated seeds of all the treatments was evaluated under laboratory conditions and compared with the field data. Seed vigour index was calculated using the following formula: (root length + shoot length) × germination percentage. The populations of different microorganisms used in the formulations were evaluated in a growth chamber under controlled conditions before their application in field. Such formulations were amended with 1% carboxymethyl cellulose (CMC; Himedia, India) as a sticker prior to application on seeds. The coated seeds were air-dried in shade before sowing.
Experimental setup with cotton crop at Nagpur
The effect of selected cyanobacteria, Anabaena-based biofilms, cyanobacteriumbacterium consortia and bacterial strains were investigated with cotton crop as PGP agents in the fields of Central Institute for Cotton Research (CICR), Nagpur, Maharashtra, India (21°N; 79°E; altitude of 301 m above mean sea level; mean annual rainfall 1095 mm). The physico-chemical characteristics of soil and other parameters at the initial stage of crop at Nagpur were as follows: soil type -Vertic Haplustept; available N -90-105 kg ha −1 , available P -7.0-7.9 kg ha −1 and available K -220-280 kg ha −1 ; electrical conductivity (EC) -1.2 to 1.4 dS m −1 , organic carbon -0.4%, pH -7.8-8.2. The mean temperature of the area during the crop growth ranged from 30-33°C in June to 26-28°C in December.
The cotton variety PKV081 (Gossypium hirsutum) was selected, which represents an improved variety, suitable for organic cultivation in Maharashtra. The experimental design was arranged as a randomized block design (RBD), which includes 11 treatments, including controls -recommended chemical fertilizer (RDF) and 50% N + full dose of P and K fertilizers. All treatments included three replicates in a plot size of 35 m 2 . T1: IARI Azotobacter inoculant was used as a check because of its widespread use in India for cotton crop as a biofertilizer. The recommended dose of fertilizers (120:40:40 NPK kg ha −1 , prilled urea, single super phosphate and muriate of potash) was used as a control, with all microbial inoculation treatments receiving 50% N along with full dose of P and K fertilizers. All the treatments were taken in triplicate.
The details of treatments are as follows: T1: IARI Azotobacter inoculant; T2: Anabaena sp.-based formulation; T3: Providencia sp.-based formulation; T4: Anabaena 46 R . P R A S A N N A et al sp.-Providencia sp.-based formulation; T5: Anabaena sp. Azotobacter-based formulation; T6: Anabaena sp.-Pseudomonas sp. Biofilm-based formulation; T7: Anabaena-Nostoc spp. Consortia-based formulation; T8: RPAN59 Anabaena sp.-based formulation; T9: Calothrix sp.-based formulation; T10: 50% N + full dose of P and K fertilizers; T11: given 100% dose of N + PK -RDF. In the treatment involving biofilms, inclusive of nitrogen fixers Azotobacter or Anabaena sp., only 50% of recommended nitrogen application was given along with full dose of P and K fertilizers.
Experimental setup with cotton crop at Sirsa
The experiment was set up in Rhizoctonia-infected plots at the research station of CICR at Sirsa, Haryana, India (29.25°N; 74.30°E; altitude 202 m above mean sea level; mean annual rainfall is 323 mm) to study the biocontrol potential of different formulations in cotton. The physico-chemical characteristics of soil and other parameters at the initial stage of crop at Sirsa were as follows: soil type -Ustic Haplocambids, available N -30-40 kg ha −1 , available P -3.1 kg ha −1 ; soil type was deep coarse loamy and sandy soils; EC -0.3 dS m −1 , organic carbon -0.19%, pH -8.44. The temperature of the area during the crop growth ranged from 40-45°C in June to 36-38°C in August. The traditional local cotton variety CISA 310 (Gossypium arboreum) was selected as the test variety, which is a commercial variety released for the north zone of India. The experimental design was arranged as a RBD, including seven treatments comprising three controls -commercial formulation; uninoculated carrier (used as base for the microbial inoculants) and recommended chemical fungicide. All treatments included three replicates in the plot size of 40 m 2 , and a blank dose of Diammonium phosphate (DAP) at the rate of 50 kg acre −1 and zinc sulphate at the rate of 10 kg acre −1 were applied in all the plots. The details of treatments are as follows: T1: Anabaena sp. RPAN8 T2: Calothrix sp., T3: Anabaena-T. viride biofilm, T4: Anabaena-B. subtilis biofilm, T5: Vitavax (containing Carboxin 75% WP; Dhanuka Agritech Ltd) applied at the rate of 300 mg for 150 g seeds was used as the recommended chemical control treatment as a soil drench; T6: Trichoderma viride commercial formulation (1% WP at the rate of 1.5 g for 150 g −1 seeds) was used as a recommended biological control agent and T7: uninoculated carrier. Trichoderma formulation was obtained from Indore Biotech Inputs and Research Pvt. Ltd, Indore. Sufficient humidity conditions required for efficient disease establishment and development of fungal mycelia were maintained.
Analyses of soil physico-chemical and biological parameters
Soil analyses were undertaken by collecting soil cores (0-20-cm depth) using a soil auger from 10 sites in each plot, and the composite sample was used as a replicate for each treatment for analyses at 45 days after sowing (DAS). A total of three such replicates were used for all the analyses.
Chlorophyll estimation of photosynthetic biomass in cyanobacterial cultures was estimated by the procedure of Mackinney (1941) using a spectrophotometer (Thermo Fisher UV VIS double beam Halo-DB-205 model) in methanolic extracts. Soil
Cyanobacterial inoculants for cotton 47 chlorophyll was assayed using soil samples in test tubes with Dimethyl sulfoxide (DMSO) and acetone (1:1) added at the rate of 4 mL g −1 soil. The contents were thoroughly shaken and incubated for 48-96 h in dark at room temperature. Intermittent shaking was done after every 24 h to extract chlorophyll completely. The data were recorded at 663, 645, 630, 775 nm with triplicate samples, and chlorophyll a concentration was determined (Nayak et al., 2004 ) using a spectrophotometer. Microbial biomass carbon (MBC) was estimated by the method of Nunan et al. (1998) using aliquots of potassium sulfate (K 2 SO 4 ) extracts through dichromate digestion. MBC was calculated after back titration with ferrous ammonium sulphate and recorded using the following equation: Biomass C = 2.64 × CE, where CE = (organic C from fumigated soil) -(organic C from unfumigated soil). Microbial biomass C was expressed as μg C g −1 soil. Dehydrogenase activity was used as an index of microbial activity, and assayed using soil (6 g), incubated with triphenyl tetrachloride (3%) and absorbance taken at 485 nm. The values were expressed as μg of triphenyl formazan (TPF) g −1 soil d −1 . Available nitrogen in soil was estimated using the alkaline permanganate method. The procedure involves distilling the soil with alkaline potassium permanganate solution and determination of ammonium liberated, which serves as an index of available nitrogen status. Soil available P was extracted from triplicate soil samples with 0.5 M sodium bicarbonate (NaHCO 3 ) and measured. All the measurements were done using the optimized protocols as given in Swarnalakshmi et al. (2013) . Three replicates were used for analyses.
For estimating the number of nematodes in different treatments, extraction of nematodes from soil samples was undertaken. Cobb's sieving and decanting method along with the modified Baermann funnel technique (Cobb, 1918) was followed. Soil samples from five points were taken from each replication of treatment. All the samples were thoroughly mixed and soil lumps were broken; and 250 g of soil was drawn from homogenous mixtures for processing. The nematodes extracted in water suspension after 48 h were examined in three 1-ml aliquots under Stereo-binocular microscope, and plant parasitic nematode species were identified using standard keys (Nickel, 1991) .
Activity of hydrolytic and defence enzymes in plant roots and shoots
Fresh plant samples of roots and shoots at 45 DAS were taken in triplicate for analysis. Chitosanase, endoglucanase (β-1, 3-glucanase and β-1, 4-glucanase) activities were assayed spectrophotometrically using glycol chitosan, laminarin and carboxy methyl cellulose respectively, as substrate, as given in Prasanna et al. (2013a, b, c) . One unit of chitosanase activity was defined as 1 μmol of glucosamine released min −1 ml −1 culture filtrate under assay conditions. Under assay conditions, one unit of endoglucanase activity represents 1 μmol of glucose liberated min −1 g fresh weight
root or shoot tissues −1 . The activity of defence enzyme -polyphenol oxidase (PPO) was assayed with slight modifications as given earlier (Prasanna et al., 2013b) . Peroxidase activity (PO) was assayed using plant extracts and measured spectrophotometrically at 470 nm in which 7.5 μL guaiacol (50 mM in the mixture) and 792 μL Tris HCl 48 R . P R A S A N N A et al buffer (0.05 M, pH 6.0) were added. The reaction was initiated by adding 100 μL 0.6 M hydrogen peroxide. A blank consisting of guaiacol, Tris HCl buffer and hydrogen peroxide was used to set at 100% absorbance. The enzyme activity was expressed as change in absorbance min −1 g −1 fresh weight. In order to visualize the colonization of cyanobacterial cells/filaments/ bacteria/fungi/biofilms, pieces of root tissues (0.5-1 cm in triplicate from each treatment) from Sirsa farm were washed with 0.1 M phosphate buffer (pH 6.9) for 1 h at room temperature. This was followed by fixing the samples in 2.5% (w/v) glutaraldehyde and 2.5% paraformaldehyde (w/v) prepared in 0.1 M phosphate buffer (pH 6.9) for 24 h at room temperature for scanning electron microscopy. The samples were then rinsed twice in phosphate buffer, and placed in 1% (w/v) osmium tetraoxide (OsO 4 ) for 24 h in dark. The fixed cells were dehydrated by progressive processing using increasing concentrations of acetone (30-100% v/v). The samples were then embedded in LR white resin and polymerized at a temperature of 60°C, dried in a critical point dryer, followed by coating with palladium for 12 min in an atmosphere saturated with CO 2 at a temperature of 40°C under a pressure of 70 atm. Such samples, taken in triplicate, were then visualized using scanning electron microscope (Evo Maio Zeiss, Germany).
Disease incidence in Nagpur
Incidences of wilt and bacterial leaf blight (BLB) were recorded in all the plots after 8, 12 and 16 weeks. For measurements on wilting, data was recorded on all the plants, i.e. two plants per hill × 60, and calculated for 120 plants and represented as % wilting. For BLB, percentage incidence ((number of plants infected/total number of plants observed) × 100) was calculated and observations were taken for 10 plants. The number of bolls plant −1 was calculated by taking five plants from each replication and the mean calculated for each replication.
Yield parameters
Yield was calculated in terms of the number of cotton bolls per treatment after first pickings (number of bolls/plant) followed by bolls in a total of five plants for each replication. The mean was calculated for each treatment. Also, yield as kg seed cotton for each plot was recorded at the end of the experiment, which was calculated on the basis of three replications per treatment.
Statistical analyses
The triplicate sets of data for various parameters were statistically analysed by ANOVA using SPSS package. Duncan's Multiple Range Test (DMRT) was employed to compare the mean performances of different treatments for the specific parameters under study and the critical difference between treatments, calculated at 5% level of significance, denoted as CD (probability of 0.05) and Standard Error of Means (SEM) in tables. Correlation analyses were undertaken using Microsoft Excel package, and standard deviations (SD), depicting deviations from mean values among replicates, 
R E S U LT S
Field experiment at Nagpur
The proportion of germination in the field ranged from 89 to 99% (Table 1 ). The highest values was recorded in treatment T6 (Anabaena-Pseudomonas biofilm formulation) followed by T7 (Anabaena-Nostoc consortia). In terms of seed vigour index (data not shown), T9 (Calothrix sp.-based formulation) and T6 (AnabaenaPseudomonas biofilm-based formulation) recorded the highest values, which were 20-40% higher than the controls (T10, T11). At mid-crop stage, treatment T8 (RPAN 59 Anabaena sp.) recorded the highest values of fresh weight of 17.8 g, followed by T4 (Anabaena-Providencia biofilm), T9 (Calothrix sp.) and T5 (Anabaena-Azotobacter biofilm) respectively (Fig. 1a ), which were significantly higher than chemical controls -T10 and T11. The plant height values ranged from 26.6 to 41.7 cm (Fig. 1b) . Treatments T4 (Anabaena-Providencia), T5 (Anabaena-Azotobacter), T8 (RPAN 59 Anabaena sp.) and T9 (Calothrix sp.) showed the highest values of plant height, which were statistically at par. In order to determine microbial growth and establishment of inoculated cyanobacteria in the field, soil chlorophyll from the rhizosphere environment of all the treatments was measured using soil cores (Fig. 2a) . Treatment T9 (Calothrix sp.-based formulation) showed the highest values of 3.05 μg g −1 soil, followed by T7 (AnabaenaNostoc consortia-based formulation). The MBC values ranged from 102.1 to 1228.9 μg C g −1 soil (Fig. 2b) . The highest MBC values was recorded in T9 (Calothrix sp.-based (Table 1) . The available N in soil values ranged from 96.7 to 283.7 kg ha −1 (Table 1) . Treatment T3 (Providencia) showed the highest values of available N, followed by T4 (Anabaena-Providencia). T5 and T7 recorded statistically par values. All treatments showed significantly higher values as compared with controls -T10 and T11. Available P values ranged from 4 to 8.7 mg kg −1 soil and treatment T6 recorded the highest values, but no significant differences were observed. The PPO activity ranged from 0.001 to 0.039 IU min −1 g −1 fresh weight. Although no significant differences were observed (data not shown), treatments T8 (RPAN 59 Anabaena sp.-based formulation), T3 (Providencia sp-based formulation) and T2 (Anabaena sp-based formulation) exhibited higher values. In the present study, the number of cotton balls per plant (from the first pickings) ranged from 17 to 21 bolls per plant (data not shown). Treatment T1 (IARI Azotobacter inoculant) showed the highest values, followed by T8 (Anabaena sp. RPAN59-based formulation), but no significant differences were recorded. In terms of yield (measured as kg of seed cotton/plot) and the means calculated on the basis of three replications, treatment T2 (Anabaena sp. CW1-based formulation) followed by T3 (Providencia sp.-based formulation) recorded higher values (Table 1) . However, no significant differences were recorded among treatments.
The number of plants showing wilting as an index was recorded for 120 plants/treatment and expressed as percentage mortality, which ranged from 7.5 to 11.4% (data not shown as treatments did not show significant differences). T6 (Anabaena sp.-Pseudomonas sp. biofilm-based formulation) and T11 (recommended NPK control) showed the lowest mortality values of 7.5%, which were statistically at par. The BLB incidence was recorded at intervals of 8, 12 and 16 weeks (data not shown); values ranged from 0 to 23.3% at 8 weeks and reduced to the highest values of 20% after 12 weeks and 16.7% after 16 weeks. T5 (Anabaena sp.-Azotobacter biofilm-based formulation) outperformed all other treatments in recording 0% incidence up to 16 weeks. T9 (Calothrix sp.), T10 (50% N + PK control) and T11 (recommended NPK control) showed no disease incidence at 8 weeks stage; however, it recorded 6.7% at 16 weeks after sowing. Since the values were not statistically significant at each interval, these have not been included in the tables and figures.
The population of nematodes was counted in terms of commonly observed major nematode genera (including population of plant parasitic nematodes and free living nematodes) in cotton fields ( Table 2 ). The population count of Hoplolaimus columbus per kg soil ranged from 16 to 76, with T7 (Anabaena + Nostoc sp. consortia) showing the lowest values of 12. T11 (recommended dose of NPK fertilizers) showed the highest count of nematodes of 76. Population counts of Rotylenchulus reniformis showed 40-50% lower values in T4 (Anabaena-Providencia). The count of Pratylenchus goodeyi was lowest in T9 (Calothrix sp.) and control T10 with 2-5 folds higher population in other treatments. The percentage decrease in parasitic nematode population in the field ranged from 22 to 41% and T3 (Providencia sp.) and T7 (Anabaena sp. CW1) recorded the highest values of 41 and 39% respectively. A significant negative correlation (r = 0.6) between the population of plant parasitic nematodes and microbiological activity of roots was recorded. The percentage increase in the population of free living nematodes in soil as compared with control, T11, ranged from 0 to 60%. Treatments receiving biofilmed formulations, T6 (Anabaena-Pseudomonas) and T5 (Anabaena-Azotobacter), recorded the greatest increase in the population of free living nematodes in soil. It was interesting to note a significant decrease in parasitic nematode population in the field ranging from 51.2 to 73.2%, especially with T1 (IARI Azotobacter inoculant) and T7 (Anabaena-Nostoc consortia-based formulation). 
Field experiment at Sirsa
The mortality values ranged from 37.5 to 22.2%. Although T5 (Vitavax formulation) showed the lowest mortality rate of 22.2%, application of T3 (Anabaena-T. viride biofilm) recording only 24.8% mortality proved promising (Fig. 3a) . Treatment T3 (Anabaena-T. viride biofilm) recorded the highest fresh weight of 9.09 g followed by T2 (Calothrix sp.) and T5 (Vitavax-based formulation), which 8.46 and 6.93 g respectively (Fig. 3b) . These three treatments recorded values which were significantly higher than biological control (T6). The lowest values were observed in T7 (uninoculated carrier). As a prelude to the use of formulations-coated seeds in field, the percentage mortality/germination of formulation-coated seeds was recorded under laboratory conditions. In the water agar medium, germination values ranged from 50.8 to 85.5% with the highest values in treatment T4 (Anabaena-B. subtilis biofilm-based formulation), followed by T3 (Anabaena-T. viride biofilm). The seed vigour index was comparatively higher in the seedlings of formulation-coated seeds from treatments T1, T2 and T3 in both the water agar and field soil-enriched media (data not shown). In water agar medium, Calothrix sp. formulation (T2) showed the highest values, followed by T1 -IARI Azotobacter inoculant and T3 (Anabaena-T. viride biofilm). In addition, R. solani-inoculated PDA medium was employed and mortality values of 46.4 to 89.1% were recorded. The CFU of bacteria, cyanobacteria, Trichoderma in different formulation coated seeds were ranged at 10 5 , 10 2 and 10 5 per seed respectively. As an index of accretion of photosynthetic biomass and an indirect indicator of establishment of inoculated cyanobacteria in soil, the soil chlorophyll values were measured, which ranged from 0.08 to 0.32 μg g −1 soil and showed a positive correlation (r = 0.6; df = 6) with fresh weight of plants. Treatment T2 (Calothrix Cyanobacterial inoculants for cotton 55 sp.-based formulation) showed the highest values, whereas T1 (Anabaena laxa RPAN8-based formulation) and T3 (Anabaena-T. viride biofilm-based formulation) also recorded significantly higher values than controls -T6 and T7 (0.06 and 0.08 μg g −1 soil) ( Table 3 ). The microbial biomass carbon ranged from 35.8 to 255.7 μg C g −1 soil. The highest MBC values were recorded in T2 (Calothrix sp.-based formulation), which was followed by T4 (Anabaena-B. subtilis biofilm-based formulation) recording 166.28 μg C g −1 soil. The dehydrogenase values ranged from 4.9 to 9.2 μg TPF g −1 soil d −1 . Significantly higher values of 9.2 and 9.0 μg TPF g −1 soil d −1 were observed in T1 (Anabaena laxa RPAN8-based formulation) and T4 (Anabaena-B. subtilis biofilm-based formulation) followed by T2 (Calothrix sp.-based formulation), i.e. 8.8 μg TPF g −1 soil d −1 ); however, the treatments did not show any significant differences (Table 3) .
Peroxidase activity in root and shoot tissues ranged from 7.00 to 100.5 IU min −1 g −1 fresh weight (Table 3) . Treatment T1 (Anabaena laxa RPAN8-based formulation) showed the highest values of 100.5 IU min −1 g −1 fresh weight, followed by T6 (Trichoderma commercial formulation), i.e. 75.5 IU min −1 g −1 fresh weight. In shoot tissues also, T1 (Anabaena laxa RPAN8-based formulation) showed the highest values of 44.6 IU min −1 g −1 fresh weight, followed by T4. The uninoculated carrier showed the lowest values for both of these parameters. Reports on the use of Bradyrhizobium-Penicillium biofilm combination have shown that such biofilms exhibit better growth, nitrogen-fixing ability and colonization abilities than their monocultures (Jayasinghearachchi and Seneviratne, 2004) . Significant correlation of plant parameters with peroxidase activity, mortality of cotton plants with MBC and defence enzyme activity with mortality was also observed in this study (r = 0.6-0.8; df = 6).
The activity of pathogenesis-related enzymes showed significant differences among treatments and between roots and shoot tissues (Figs. 3c, d ). β 1,4 endoglucanase activity in root tissues showed significant differences among treatments with values ranging from 21.59 to 87.85 IU g −1 fresh tissue. Treatment T2 (Calothrix sp.) showed the highest values of 87.85 IU g −1 root tissues, followed by 68.4 IU g −1 in T4 (Anabaena-B. subtilis biofilm), which were significantly higher than T7 (uninoculated carrier), i.e. 50.18 IU g −1 . A similar trend was also recorded in shoot tissues, but 5-8-fold higher values of 571.7 and 537.1 IU g −1 fresh tissues were recorded in these two treatments (T2 and T4). Endoglucanase activity in root and shoot tissues that ranged from 8.99 to 680.6 IU g −1 fresh tissue showed significant differences. In terms of root and shoot tissues, T4 (Anabaena-B. subtilis biofilm), T2 and T1 recorded the highest values. However, the activity of shoot tissues was almost 10 folds higher than in roots (21-87 IU g −1 in roots to 506.7-677.7 IU g −1 in shoots). The activity of endoglucanase of roots and shoots showed a highly positive correlation with MBC of soil (r = 0.87; df = 6) and also with soil chlorophyll and plant fresh weight (r = 0.6, 0.64; df = 6). Chitosanase activity in root and shoot tissues ranged from 14.6 to 782.40 IU g −1 fresh tissues (Table 3 ). In terms of root tissues, T3 (Anabaena-T. viride biofilmbased formulation), and T1 (Anabaena laxa RPAN8-based formulation) showed the highest values of 54.8 and 50.1 IU g −1 fresh weight respectively. In case of shoots, T4 (Anabaena-B. subtilis biofilm-based formulation) showed the highest values followed by T2 (Calothrix sp.-based formulation), i.e. 782.4 IU g −1 and 762.7 IU g −1 respectively. In the present experiment, the microbial formulations tested exhibited significant differences, ranging from 10-50% increase in terms of fresh weight and nitrogen availability to the crop. The measurement of soil chlorophyll from the rhizosphere environment revealed the promise of Calothrix/Anabaena-based formulations (T8/T7).
The colonisation of roots of cotton plants was evaluated using scanning electron microscopy (Fig. 4) . The degraded state of root tissues and fungal mycelia is visible in control -untreated plants (Figs. 4a, b) , while Figs. 4c, d revealed biofilm-like growth (mucilaginous ball-like structure, representing cyanobacterial filaments, embedded with bacterial colonies on the surface of roots) and the presence of Anabaena-Trichoderma biofilms (cybf) growing as thick filaments (Fig. 4d) . Cells/biofilms of inoculated organisms were recorded in 80% of the samples observed, with differences in degree of colonisation varying from 60-70% among the replicates of each of the treatments (T1-T4).
Comparative performance of treatments at Nagpur, in terms of their performance based on all the parameters evaluated, revealed that T3 (Providencia), T8 (RPAN 59 Anabaena sp.-based formulation) and T9 (Calothrix sp.) were the top ranking strains https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0014479714000143 58 R . P R A S A N N A et al Table 4 . Comparative performances of treatments (top three ranks) in term of microbiological and plant parameters in cotton crop at CICR, Nagpur. T1  T2  T3  T4  T5  T6  T7  T8  T9  T10 (Table 4 ). In Sirsa, Calothrix sp. (T2) was the top ranked strain, followed by AnabaenaBacillus subtilis biofilmed formulation (T4) and Anabaena laxa (T1) ( Table 5 ). The Anabaena-T. viride biofilm application performed best, with mortality values 11.1% lower than commercial Trichoderma formulation, but 2.6% higher as compared with the Vitavax treatment.
Parameters/treatments
D I S C U S S I O N
Cyanobacteria represent a major component of diverse ecosystems; however, they have been mainly utilized as inoculants for rice Roger et al., 1993; Venkataraman, 1981) , and in recent times in wheat and other crops, as both consortia or biofilms Karthikeyan et al., 2007; Manjunath et al., 2011; Nain et al., 2010; Prasanna et al., 2013b; Rana et al., 2012) . They can grow as biofilms in soil and aquatic bodies, playing a significant role in soil aggregation and metal binding/biosorption (Caire et al., 1990) . Use of biofilms as inoculants is a recently evolved concept, which attempts to simulate microbial communities, and is attracting attention because they can colonise and persist in diverse niches (Prasanna et al., 2013a, b; Seneviratne et al., 2009; Swarnalakshmi et al., 2013) . Seneviratne et al. (2009) found significant increase in the growth of rice and dry weight of plants through the inoculation of biofilmed fertilizers as compared to the conventional method of monoculture inoculation. Evaluation of microbiological parameters at Nagpur revealed that the highest values for MBC and soil chlorophyll were recorded in treatment T9 (Calothrix sp.-based formulation), which highlights the effective colonization of this cyanobacterium (based on soil chlorophyll as an index) and associated C enrichment through photosynthesis leading to higher MBC. This also resulted in higher yields, which were statistically at par with fertilizer controls, T10 and T11, illustrating an environment and resource friendly strategy for this cash crop. Plant growth promotion mediated by microbes has been mainly attributed to an increase in the mobilization of insoluble nutrients and subsequent enhancement of nutrient uptake by plants, or enhanced colonisation and production of plant growth regulators or allelochemicals (Bashan, 1998; Kulik, 1995) . This can be visually observed as enhanced plant biomass or plant height. Several researchers (Ahmad et al., 2008; Khan, 2002; Soomro et al., 2005; Taohua and Haipeng, 2006) suggested that plant height was among the factors positively correlated with increase in seed cotton yield and may contribute up to 70% of the total variability for seed cotton yield. A comparative evaluation of treatments at Nagpur, in terms of their performance based on all the parameters evaluated, revealed that T3 (Providencia), T8 (RPAN 59 Anabaena sp.-based formulation) and T9 (Calothrix sp.) were the top ranking strains. Cotton is one of the most important commercial crops playing a key role in economic and social affairs globally. Despite decades of warning, the inappropriate usage of fertilizers and pesticides has led to not only environmental pollution but also to development of more than 500 resistant pathogens. The problem of pests has led to the advent of transgenics in cotton; however, little attention is being paid to organic practices for improving the tolerance of cotton crop to abiotic/biotic stress. Therefore, there is a definite need to employ a mix of traditional and organic agricultural practices to sustain soil fertility and crop productivity, keeping in view the environmental health and safety issues. The present study is a step forward to evaluate promising cyanobacterial strains and biofilmed preparations for their efficacy in nutrient mobilization and biocontrol of phytopathogenic fungi in cotton crop in two different agro-ecological locations.
Many rhizobacteria have been recorded as antagonists of plant parasitic nematodes (Tian et al., 2007) . Khan et al., (2005) recorded the nematicidal potential of Microcoleus sp. and Oscillatoria chlorina against the root-knot nematode Meloidogyne arenaria in tomato plants. However, there are no reports using Anabaena-based formulations. This genus is well recognised as a rich source of neurotoxins and hydrolytic enzymes , which may be playing a role in the decrease of nematode population in soil. Decrease in parasitic nematode population ranging from 22 to 41%, especially in T7 (Anabaena sp. CW1), was noteworthy. It was interesting to note a significant decrease in parasitic nematode population in the field ranging from 51.2 to 73.2%, especially with T1 (IARI Azotobacter inoculant) and T7 (Anabaena-Nostoc consortia-based formulation). The colonisation of cotton by Rotylenchulus is known to elicit induction of enzymes involved in Systemic Acquired Resistance (SAR) in cotton crop (Aryal et al., 2011) . Aerobic endospore-forming bacteria, belonging mainly to Bacillus subtilis and Pseudomonas spp., are able to reduce plant parasitic nematode population (Sikora, 1992) , and Anabaena-Pseudomonas sp. proved promising in our study. The mechanisms of antagonistic action of rhizobacteria, including Pseudomonas, towards plant parasitic nematodes include the production of antibiotics/metabolic byproducts, enzymes and induction of systemic resistance (Aryal et al., 2011; Kloepper et al., 1991; Sikora, 1992) . Some species of Pseudomonas have been recorded as highly aggressive colonizers of the rhizosphere of various crop plant pathogens such as nematodes. A significant negative correlation (r = 0.6) between the population of plant parasitic nematodes and microbiological activity of roots was also recorded. A concurrent increase was observed in the population of free living nematodes in soil, especially in the treatments receiving biofilmed formulations -T6 (Anabaena-Pseudomonas) and T5 (Anabaena-Azotobacter). Cyanobacteria are also known to produce a variety of volatiles and their biofilms can attract nematodes, besides providing shelter to several nematode species (Höckelmann et al., 2004; Moens and Vincx 1998) . This is supported by the observations on increase in the population of the free living nematode population in soil, which play a key role in nutrient cycling, revealing the utility of our formulation as a suitable green option. It has been often cited (Santoyo et al., 2012) and well researched that Pseudomonas and Bacillus represent the most commonly employed PGP and biocontrol agents because of their ubiquity as soil inhabitants in diverse cropping systems, and therefore play a major role in the development of disease suppressive soils globally. A metabolite of Calothrix sp. has been earlier identified as a novel substituted benzoic acid (Natarajan et al., 2012) , which may indirectly enhance microbial activity by controlling the proliferation of soil borne phytopathogenic fungi. In the present study, plant growth promotion in terms of fresh weight or height of plants was significantly enhanced through the use of microbial formulations. These strains have shown tremendous promise when evaluated for their PGP and biocontrol potential (Karthikeyan et al., 2007; Manjunath et al., 2010) earlier in wheat and tomato crops respectively.
Most of the known biocontrol agents bring about induced systemic resistance (ISR), fortifying the physical and mechanical strength of cell wall and changing the physiological and biochemical reaction of host leading to synthesis of defence chemicals against pathogens. Defence reaction occurs due to synthesis of defence and PR-enzymes such as chitosanase, β-1, 3 endoglucanase, PAL, PO, phenolics and phytoalexins (Chen et al., 2000; Kloepper et al., 1991) , which can indirectly lead to enhanced plant growth, improved yields and quality of produce, besides enriching soil fertility. The ability of an inoculated strain to establish a significant population size along the root system is a key determinant of its PGP ability or antagonism against soil borne pathogens. The ecological environment at Sirsa poses a serious challenge for growing the crop due to heavy infestation of fungi, including Rhizoctonia and other associated phytopathogenic fungi. At Sirsa, the microbiological and plantrelated assays revealed significant interactions of inoculated organisms and plant in sick plots, leading to lower or comparable levels of mortality as observed with commercial chemical or biocontrol formulations. Our earlier studies have shown that Anabaena, Calothrix sp. and biofilmed formulations exhibit fungicidal activity, which could be correlated with the production of hydrolytic enzymes, and homologues for chitosanase/endoglucanase were identified in these strains Natarajan et al., 2012; Prasanna et al., 2008 Prasanna et al., , 2010 Prasanna et al., , 2011 Prasanna et al., , 2013b . Synergy among partners in the biofilmed formulations illustrated the potential of Anabaena as a matrix which can prove to be more viable inoculation option for organic agriculture practices (Prasanna et al., 2013a, c) . Biofilms observed on plant roots are known to protect colonization sites and act as a sink for nutrients in rhizosphere, thereby reducing the availability of root exudates, nutritional elements for pathogen stimulation or their subsequent colonization on roots (Weller and Thomashow, 1993) . Observations on enhanced nutrient uptake and availability are similar to the results recorded in legumes and wheat crop, in which the application of cyanobacterial biofilmed inoculants had shown a significant enhancement in soil nutrient status, microbiological and plant parameters (Prasanna et al., 2013c; Swarnalakshmi et al., 2013) . Nesbat and Slusarenko (1983) found that microbial inoculation leads to the generation of fibrillar material in which the entrapped bacteria continue to proliferate, leading to increase in the large clumps of bacterial cells, forming matlike growth/biofilms over the surface of roots. A similar observation was recorded in our study, as the biofilms inoculated served as an optimal mode of attachment and a suitable surface for bacteria to grow, leading to effective colonization. Visual observations of field also supported the promise of Anabaena-T. viride formulation, which was confirmed by SEM observations. The presence of biofilms and coiled filaments of cyanobacteria/mycelia of Trichoderma vis-a-vis control-infected roots established the colonisation of our inocula and their role in reducing disease severity.The colonization of roots by cyanobacteria has been recorded earlier in rice and wheat and correlated with plant growth promotion (Karthikeyan et al., 2009; Prasanna et al., 2009) . Jetiyanon & Kloepper (2002) suggested that mixtures of plant growth promoting rhizobacteria (PGPR) can elicit induced disease resistance to a number of bacterial, fungal and viral diseases, thereby enhancing plant growth and reducing disease severity in a number of crops. As biofilms represent mixed communities proliferating in a diverse range of environments, the synergism among microbial partners in formulations is an important determinant for the efficacy of inoculation.
These investigations clearly demonstrated that the cyanobacterial formulations are effective and environmentally sustainable as easy to use inoculants even in field experiments for a crop such as cotton, in which fertilizers and pesticides are a major cost component for their large-scale cultivation. The use of biofilmed formulations provides a promising alternative, which avoids growing multiple strains and their maintenance. In future, these need to be tested in diverse agro-ecologies for their efficacy and potential in combating abiotic and biotic stress.
